Abstract The effect of the tilt angle of metal film on the transmissivity of subwavelength holes in optically thick metal film is investigated. The transmission efficiency is found can be highly dependent on the tilt angle.
Introduction
Since it was first reported in 1998 [1] , the extraordinary optical transmission (EOT) through periodic arrays of ⋆ E-mail: e-mail: :gpguo@ustc.edu.cn subwavelength holes has attracted much attention owing to its fundamental implications and its technological potential. Generally, it is believed that metal surface plays a crucial role and the phenomenon is mediated by surface plasmon polaritons (SPPs) and there is a process of transform photon to surface plasmon polariton and back to photon [2, 3, 4] . The polarization of the incident light determines the mode of excited surface plasmon which is also related to the periodic structure. This phenomenon can be used in various applications, for example, sensors, opto electronic device, etc [5, 6, 7, 8, 9] .
In 2002, E. Altewischer et al. [10] first showed that polarization entanglement of photon pairs can be preserved when they respectively travel through a hole array. Therefore, the macroscopic surface plasmon polarizations, a collective excitation wave involving typically 10 10 free electrons propagating at the surface of conducting matter, have a true quantum nature. After that, polarization properties of EOT were investigated in many works. For example, strong polarization dependence was Xi-Feng Ren, Guo-Ping Guo, Pei Zhang, Yun-Feng Huang, Zhi-Wei Wang, Guang-Can Guo observed in EOT of elliptical nanoholes [11, 12] ; polarization tomography of metallic nanohole arrays has been done recently [13, 14] ; and state of polarization was also studied and modeled as a function of angular bandwidth in EOT [15] . However, the increasing use of EOT requires further understanding of the phenomenon.
For the manipulation of light at a subwavelength scale with periodic arrays of holes, two ingredients exist:
shape and periodicity [2, 3, 4, 16, 17, 18, 19] . The mode of excited surface plasmon polariton is related to the periodic structure and the polarization of the incident light.
Usually, the surface plasmon polariton eigenmodes are degenerate due to the symmetry of the hole array and the polarization of photon can be preserved in the EOT process [10, 13] . In a recent paper, splitting of degenerate surface plasmon polariton eigenmodes was observed [20] . tion of transmitted photons. Silicon avalanche photodiode (APD) photon counter was used to record counts(We use neutral density filter to reduce the intensity of input light).
For our sample, photons with 702nm wavelength will excite the surface plasmon polariton eigenmodes (0, ±1) and (±1, 0)(see Fig. 1 ). The hole array was tilted in the vertical direction with tilt angle θ as shown in Fig. 1 .
First, transmission efficiencies of photons in horizontal and vertical polarization were measured. For photons in horizontal polarization, the transmission efficiency was kept constant, while for photons in vertical polarization, the transmission efficiency was changed with the tilt angle θ( see Fig. 3 ). Further, polarization state tomography linear polarization state, the output state was changed to an elliptical polarization state cos(α)|H +sin(α)e iβ |V .
A phase β was generated in the EOT process when the metal plate was tilted. The relation between β and tilt angle θ is given in Fig. 4 . The similar results were also observed when the input state was 1/ √ 2(|H + i * |V ).
Modeling
A simple model was given below to explain the experimental results. As we know, the interaction of the incident light with surface plasmon polariton is made allowed by coupling through the grating momentum and obeys conservation of momentum 
, and i, j are integers. For our sample, surface plasmon polariton eigenmodes (+1, 0) and (−1, 0) are always degenerate when the hole array is tilted vertically. If the input state is |H , the whole EOT process can be described briefly as:
Obviously, there will be no influence on the transmission of horizontal polarized photons(including the transmission efficiency and polarization) as we observed. While
The degeneracy between surface plasmon polariton eigenmodes (0, +1) and (0, −1) is removed. In this case, momentum of the surface plasmon polariton, photons and structure were also quasi-conserved. The reason was that the hole diameter was 200nm, which can not be neglected comparing with the periodicity 600nm.
When the photons in vertical polarization illuminate the hole array, two different surface plasmon polariton eigenmodes are excited. The transmission peaks corresponding these two eigenmodes will move away in opposite direction(see Fig .3 of Ref [22] ). Since the transmitted photons were eradiated from the two surface plasmon polariton eigenmodes, the whole transmission efficiency was the sum of the two cases. This definitely influence the transmission efficiency of photons in 702nm wavelength as shown in Fig. 3 . In the theoretical calculation, the whole transmission of Fig. 2 was divided into two equal parts((0, +1) mode and (0, −1) mode), the two parts moved to short wave and long wave directions respectively(see Fig .3 of Ref [22] ) when the metal plate was tilted. A simple addition of two moved transmission peaks was given in Fig 5, while in the calculation we supposed that the shape of the transmission peaks was not changed for the sake of simplification. It had a similar curve with the experimental data.
, a phase is generated between these two different photon to surface plasmon polariton and back to photon process:
So if the input state is 1/ √ 2(|H +|V ), the output state becomes cos(α)|H + sin(α)e iβ |V ). Of course, phase β was correlated with the difference between − → k sp(0,+1) and − → k sp(0,−1) (or 2 − → k 0 ), which was determined by the rotation angle θ. β will increase for larger tilt angle θ in a small range. While when θ became bigger, the conservation of momentum was destroyed. The analysis above will be not appropriate. Fig. 4 gives the relation between phase β and tilt angle θ. The shape of the line agreed with our prediction.
Conclusion and discussion
In conclusion, we found that when the hole array was tilted in the EOT process, not only the transmission spectra was influenced, but also a birefringent phenomenon appeared. Linear polarization state cosα 1 |H +sinα 1 |V can be changed to elliptical one: cosα 2 |H +sinα 2 e iβ |V .
Since the phase β can be controlled by changing the tilt angle θ, we can modulate the birefringent phenomenon in EOT process. Using a simple model based on surface plasmon polarition, we briefly explained the experimental results, while further works are need to give a detailed explanation. Our results may give us more hints on the polarization properties of EOT. 
